Phase separation in the cytoplasm is emerging as a major principle in intracellular organization. In this process, sets of macromolecules assemble themselves into liquid compartments that are distinct from the surrounding medium but are not delimited by membrane boundaries. Here, we discuss how phase separation, in which a component of one of the two phases is vesicles rather than macromolecules, could underlie the formation of synaptic vesicle (SV) clusters in proximity to presynaptic sites. The organization of SVs into a liquid phase could explain how SVs remain tightly clustered without being stably bound to a scaffold so that they can be efficiently recruited to release site by active zone components.
Phase separation in the cytoplasm is emerging as a major principle in intracellular organization. In this process, sets of macromolecules assemble themselves into liquid compartments that are distinct from the surrounding medium but are not delimited by membrane boundaries. Here, we discuss how phase separation, in which a component of one of the two phases is vesicles rather than macromolecules, could underlie the formation of synaptic vesicle (SV) clusters in proximity to presynaptic sites. The organization of SVs into a liquid phase could explain how SVs remain tightly clustered without being stably bound to a scaffold so that they can be efficiently recruited to release site by active zone components.
A defining characteristic of neuronal chemical synapses is the presence of tightly packed clusters of synaptic vesicles (SVs) anchored to the presynaptic plasma membrane (Figure 1 ). These clusters ensure the availability of SVs during strong and prolonged synaptic activity, when the speed of SV recycling becomes rate limiting. Several molecular components of the matrix that crosslinks SVs to one another have been identified Denker et al., 2011; Ferná ndez-Busnadiego et al., 2010; Gundelfinger et al., 2016; Huttner et al., 1983; S€ udhof, 2012; Takamori et al., 2006; Wilhelm et al., 2014) . However, how these proteins cluster SVs and yet allow for their translocation to the sites of release remains elusive.
The view of the cytoplasm as an aqueous solution in which components are either anchored to the cytoskeleton or freely diffuse is being strongly challenged. Several recent studies have provided fresh insight into how macromolecules can selforganize within the cytoplasm to form highly dynamic organelle-like liquid compartments with no membrane boundaries (Brangwynne et al., 2009; Hyman et al., 2014; Li et al., 2012) . Both proteins and RNA-protein complexes can reversibly form distinct liquid phases in the cytoplasm. Although molecules within such phases are linked to one another by polyvalent weak interactions, the highly dynamic nature of such interactions confer them fluid-like properties. In principle, even membranous organelles could assemble into liquid phases if connected by appropriate linker proteins. In this perspective we first provide an overview of the characteristics of known liquid sub-compartments within cells. Then, we discuss how the properties of SV clusters raise the possibility that they represent an example of phase separation.
Liquid-Liquid Phase Separation of Cellular Components into Membrane-less Organelles
A phase of matter is a portion of space with homogeneous composition and in a given state (solid, liquid, or gaseous). Change of conditions (i.e., temperature, pressure, osmolarity) can lead to a change of state, a process called phase transition. An obvious example of phase transition is the evaporation of water upon heating: the change from a liquid to a gaseous state. Phase separation, in contrast, is a process in which one or multiple components in the same state segregate from one another into distinct but homogeneous compartments. The segregation of hydrophobic substances from an aqueous solution to generate droplets (such as oil in water) represents such an example. In polymer chemistry, well-studied examples of liquid-liquid phase separation includes demixing of dextran and polyethylene glycol (Helfrich et al., 2002; Li et al., 2008; Long et al., 2005) . Distinct Membrane-less Liquid Phases in Cells In cells, compartmentalization of the cytoplasm via the membrane boundaries that define membranous organelles allows the concomitant occurrence of chemical reactions that require different environments. However, several subcellular compartments in which specialized biochemical processes occur are not membrane bound. These include for example the nucleolus (Boisvert et al., 2007) and the ''stress granules'' involved in storage of mRNAs and translation factors (Anderson and Kedersha, 2008) . As shown in a flurry of papers published over the past few years, many such compartments represent examples of phase separation. The concept that macromolecules can undergo phase separation in the cytoplasm arose more than two decades ago (Walter and Brooks, 1995) . However, only recently are data emerging indicating that many of these membrane-less compartments arise by liquid-liquid phase separation (BergeronSandoval et al., 2016; Brangwynne et al., 2009; Hyman et al., 2014; Li et al., 2012) and explaining the underlying mechanisms with studies in living cells and cell-free systems. Liquid Phases Generated by Protein-Protein and Protein-RNA Interactions Multivalency is the key property that enables macromolecules to undergo liquid-liquid phase separation (Li et al., 2012) . It is entropically expensive to bring many molecules together in a cluster. Hence this is possible only if the enthalpy gain through ionic and polar interactions is large enough. However, if such interactions are too strong, the result is a solid phase, which would not allow the occurrence of biochemical reactions. The assembly of a liquid phase, in contrast, involves an ensemble of weak interactions that are strong enough to keep the molecules together and yet allow their high mobility.
Many liquid phases are generated by interactions among proteins. Typically such phases involve folded modules (e.g., SH3, SH2, PDZ domains) and their ligands, that is, proteins that contain short peptide sequences (such as proline-based motifs for SH3 domain) that fit the amino acid consensus for binding to such modules. Interactions, but not necessarily stoichiometric interactions, of these proteins with one another lead to dynamically crosslinked scaffolds that generate liquid droplets (Li et al., 2012) . As in vitro experiments with purified proteins have shown, even just two multivalent proteins (e.g., a short series of SH3 domains and of proline-based SH3 domain-binding motifs) can self-assemble into separate liquid droplets within an aqueous solution (Figures 2A and 2B ). Multiple amino acid motifs with the potential to interact with protein modules are present in the cytoplasmic tails of a variety of plasma membrane proteins. This is a mechanism through which plasma membrane associated liquid-like phases can be assembled, such as in the case of actin polymerization in kidney podocytes (Banjade et al., 2015; Li et al., 2012) and of signaling scaffolds at the immunological synapse of T cells (Su et al., 2016) . Most recently, postsynaptic densities were also proposed to assemble at least in part via mechanisms typical of phase separation (Zeng et al., 2016) .
The presence of intrinsically disordered regions (IDRs) (i.e., low amino acid complexity sequences that do not fold into any stable secondary or tertiary structure) is also a frequent characteristic of proteins responsible for the generation of liquid phases (Malinovska et al., 2013) . Roughly a third of eukaryotic proteins contain IDRs of different length (van der Lee et al., 2014) . Amino acid consensus sequences for binding to protein-protein interaction modules are often found in these regions. In addition, IDRs can also interact with one another (Pak et al., 2016) . For example, the sieve of the nuclear pores (Frey et al., 2006) and centrosomes were shown to be liquid phases (Zwicker et al., 2014) in which IDRs are sufficient to induce the phase (Jiang et al., 2015) . However, additional protein-binding sites are necessary to recruit the components required for a functional centrosome and spindle pole assembly.
Liquid droplets can also be formed by protein-RNA interactions. In fact, the fluid nature of protein-RNA cohorts helped develop the concept of intracellular liquid droplets. Such liquid phases involve proteins with RNA-binding modules (e.g., RRM, KH domain, Zn fingers) or basic amino acid patches (typically in IDRs) that bind RNA because of the negative charge of their diphosphate backbone Lin et al., 2015) . RNA/protein droplets are involved in a range of processes, such as embryonic development, response to stress, and housekeeping RNA metabolism. For example, P granules, structures that appear during a single-cell stage of C. elegans development, are sparse throughout the cell. As development proceeds, P granules congregate and localize to the posterior size of the embryo, which helps establish the asymmetric division and subsequent generation of germ cells (Schneider and Bowerman, 2003) . Other membrane-less compartments resulting from protein-RNA interactions include nucleolus (Berry et al., 2015) , the phase formed at the tail of RNA polymerase II during transcription (Kwon et al., 2013) , stress granules (Wippich et al., 2013) .
Liquid droplets can contain a variety of macromolecules (Fong et al., 2013) . However, only some of them drive phase separation by their multivalent interactions . Other macromolecules can be transiently trapped within these droplets via specific interactions, even though they are not necessary for their formation (Banani et al., 2016; Saha et al., 2016) . Dynamic Nature of Liquid Phases As shown by studies in living cells (e.g., RNA granules; Brangwynne et al., 2009 Brangwynne et al., , 2011 and cell-free systems (e.g., protein droplets; Li et al., 2012) , cytosolic phases generated by the mechanisms described above have the typical features expected for a liquid compartment. They acquire a spherical shape, which minimizes the surface tension, unless hindered by adjacent structures or deformed by physical forces (i.e., they drip under shear stress) (Figures 2A and 2C) (Brangwynne et al., 2009) . They can undergo fission and fusion. Upon fusion, two liquid droplets will immediately collapse into each other to acquire a new larger spherical shape ( Figure 2B ). Macromolecules within the droplet are mobile and can exchange material with the surrounding cytosol (Brangwynne et al., 2009) .
In some cases, mutations in proteins that can form liquid phases lead to the formation of amyloid-like aggregates that are the hallmark of some neurodegenerative diseases, such as amyotrophic lateral sclerosis, frontotemporal dementia, and inclusion body myopathy (Kim et al., 2013; Kwiatkowski et al., 2009; Neumann et al., 2006; Vance et al., 2009 ). Clearly, however, the molecular nature of membrane-less droplets and amyloid-like aggregates is fundamentally different as in amyloid-like aggregates the components are fibrillar and practically immobile Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015) . One potential explanation for the propensity of these protein to form aggregates is the high local concentration within droplets that may facilitate their re-organization into amyloid/fibril-like structures (Lee et al., 2016; Molliex et al., 2015) . Liquid-Liquid Phase Separation Undergoes Regulation Cellular liquid phases can be regulated by several mechanisms, such as posttranslational modifications and competition for binding between monovalent and multivalent macromolecules. Posttranslational modifications could either foster or inhibit liquid droplet formation and impact their stability once they are formed. For example, phosphorylation of tyrosine residue generates binding sites for SH2 domain and thus triggers new interactions or increases the multivalency of a protein that acts as a key player in droplet formation (Li et al., 2012; Su et al., 2016) . On the other hand, phosphorylation of serine/threonine residues within IDRs can disrupt interactions with other proteins or RNAs. Phosphorylation may decrease the overall positive charge of IDRs, thus interfering with RNA binding or disrupting interactions of adjacent consensus sequences with folded modules of partner proteins (e.g., SH3 domains) (Han et al., 2012; Kwon et al., 2013 Kwon et al., , 2014 . Macromolecules that lack multivalency (i.e., contain only one binding site for a target molecule) could dissolve membrane-less droplet (Nott et al., 2015; Zhang et al., 2015) . For instance, RNAs that contain a single protein-binding sequence will deprive proteins from droplets: once the concentration of protein drops below a certain threshold, membraneless droplets dissolve .
SV Clusters Fulfill Criteria of Phase Separation
Clusters of SVs fit predicted properties of a liquid phase, although they represent a phase in which one component of the phase is membrane vesicles rather than macromolecules.
SV Clusters Have Homogeneous Structures with Sharp Boundaries
SVs form very tight clusters, which have sharp boundaries despite the absence of a mechanic barrier that delimits them. Other organelles, including SV recycling intermediates such as clathrin-coated pits and vesicles or endosome-like structures, tend to be segregated at the periphery of SV clusters (Evergren et al., 2004; Ferguson et al., 2007; Milosevic et al., 2011; Wu et al., 2014) . Only when the recycling process has generated a SV will the vesicle cluster recapture this organelle. SVs within Clusters Are Mobile Despite being tightly clustered, SVs appear to be mobile within clusters, at least after stimulation. This speaks against their being anchored to a static scaffold. SV motility within clusters has been consistently suggested by the electron microscopy (EM) analysis of nerve terminals of the central and peripheral nervous system following endocytic labeling with extracellular tracers, such fluid phase markers and ligands of the luminal side of SV membranes. After both mild and strong stimuli, labeled SVs are always intermixed at random with unlabeled vesicles, that is, vesicles that have not undergone fusion during the incubation with the tracer (Figures 3A-3D) (Ceccarelli et al., 1973; Harata et al., 2001; Heuser and Reese, 1973; Kraszewski et al., 1996; Rizzoli and Betz, 2004) , while other labeled endocytic intermediates are localized at the edges of the cluster ( Figure 3A ) (Rizzoli and Betz, 2004; Wu et al., 2014) . A random mobility of SVs within clusters was also observed during live imaging studies of SVs following labeling with FM1-43, a fluorescent endocytic tracer (Betz et al., 1992) . To explain this finding, the occurrence of a cage surrounding SVs to prevent their dispersion had been hypothesized (Betz et al., 1992) . SV clusters, however, disassemble slowly after cell lysis , arguing against the occurrence of a cage (whose disruption would result in rapid dispersion of vesicles) supporting the occurrence of a matrix that crosslinks them. SVs within Clusters Can Be Exchanged with Vesicles outside the Clusters Newly formed (or reformed) SVs are rapidly captured by the clusters. Likewise, SVs can escape a presynaptic cluster to be captured by another one, as exchange of SVs between neighboring synapses along the same axons has been reported (Darcy et al., 2006) .
SV Clusters can Collapse into One Another Like Two Droplets
Live imaging of SVs labeled with fluorescent dyes revealed that coalescence of two SV clusters occurs with the pattern of liquid droplet fusion: two clusters merge rapidly into a single mass (Figures 1 and 4A) , thus minimizing the interface area with the surrounding phase (Betz et al., 1992) . SVs Are Interconnected with One Another by Multivalent Low-Affinity Interactions of Highly Abundant Proteins As we discussed above, the potential for multivalent interactions is a critical feature of macromolecules that undergo phase separation. Several proteins with these properties are found in the matrix of SV clusters (Denker et al., 2011) . These include proteins with low-complexity amino acid regions, such as synuclein and synapsin, which are highly specific of synapses (Clayton and George, 1998; De Camilli et al., 1990; S€ udhof et al., 1989) and proteins with SH3 domains, such as intersectin, amphiphysin, and endophilin (Evergren et al., 2004; Shupliakov, 2009; Winther et al., 2015) . Some of these proteins are very abundant at synapses, implying that they may reach the critical concentration needed for phase separation. This is even more true if one considers that because of the abundance of SVs at presynaptic sites (Wilhelm et al., 2014) , the effective concentration of macromolecules in this space is even higher than it would be in a cytoplasmic volume less densely populated by membranous organelles. For example, synapsin, a dimeric protein that is anchored to the lipid bilayer via its N-terminal region (Benfenati et al., 1989; Krabben et al., 2011) and binds a variety of presynaptically enriched SH3-domain proteins via SH3 binding motifs in its C-terminal region (domain D) (McPherson et al., 1994; Onofri et al., 2000; Winther et al., 2015) , represents 9% of the total protein associated with SVs S€ udhof et al., 1989) . Domain D of synapsin 1, the most abundant of the three synapsins, is a low-complexity, disordered region rich in Pro, Gly, Ser and Gln (S€ udhof et al., 1989) . This region resembles other intrinsically disordered domains (such as FUS and hnRNPA1) (Molliex et al., 2015; Patel et al., 2015) that are seen as the hallmark of liquid-liquid phase separation. Thus, because of its molecular properties and of its abundance, synapsin 1 qualifies as a key player in SV phases.
Despite its striking abundance on SVs, synapsin does not appear to be directly implicated in the docking or fusion of SVs with the presynaptic plasma membrane (Gitler et al., 2004; Pieribone et al., 1995; Rosahl et al., 1995) , consistent with a role upstream of these events, such as a role in SV clustering. This role is further supported by several lines of evidence. First, nerve terminals of mice that lack all synapsins have a lower content of SVs, and such vesicles are more disperse than at wild-type synapses (Gitler et al., 2004) . As clusters are not abolished, the action of synapsin is most likely overlapping with that of other proteins peripherally associated with their membranes, including synuclein (Vargas et al., 2017) , Rab proteins, and their interactors (Pavlos and Jahn, 2011) . Second, anti-synapsin antibody injection in the giant axon of the lamprey results in dramatic loss of SV clusters ( Figures 4A and 4B) (Pieribone et al., 1995) . Only the pool of vesicles more proximal to the active zones, most likely a pool crosslinked by other factors, remains. Third, synapsins are absent from the presynaptic sites of at least the majority of sensory cells, which lack axons and differ from bona fide neurons in structural and functional properties (Von Kriegstein et al., 1999; Mandell et al., 1990) . Presynaptic sites of these cells are not dispersed along multiple varicosities as in axons (an arrangement that requires a local SV clustering) but are localized either in cell somata (hair cells) or at the very end of short processes (retinal photoreceptors and bipolar cells), where SV accumulation can simply be the result of anterograde transport in the processes and where their further enrichment and docking at release sites is controlled by highly specialized structures, so-called ribbons (De Camilli, 1995; Matthews and Fuchs, 2010) . Finally, synapsins are not present on SV membranes during the endocytic limb of the cycle, that is, on the endocytic intermediates, such as clathrin coated vesicles, which are excluded from the clusters (Blondeau et al., 2004 ). How synapsin shedding and then re-binding is orchestrated during the SV cycle (perhaps through a change in the lipid composition of the bilayer) remains to be determined. It also remains unclear what is the physiological role of the ATPase module that represents the core of the synapsin molecule (Esser et al., 1998) .
Assembly and Disassembly of SVs within Clusters Can
Be Controlled by Phosphorylation and Dephosphorylation of Their Components As for liquid droplets described above, an important aspect of phase formation is the reversibility of this process. Blocking phosphatases by okadaic acid causes dispersion of SV clusters, both in cultured neurons and at the neuromuscular junction, whereas treatment with staurosporine, a protein kinase inhibitor, has the opposite effect (Henkel et al., 1996; Kraszewski et al., 1996) . In fact, synapsin, because of its abundance in nerve terminals and prominent phosphorylation, was the first regulated synaptic phosphorprotein identified in brain (hence originally called Protein I) (De Camilli et al., 1979) . Its phosphorylation and dephosphorylation at distinct sites affect its crosslinking properties . Conversely, when the SV cluster is exhausted, for example at dynamin deficient synapses, where the bulk of SV membranes is trapped in endocytotic intermediates that fail to undergo fission, synapsin is dispersed . The phosphorylation state of proteins in the clusters may also control the degree of motility (Chi et al., 2001) , which may explain why SV clusters exhibit low motility at resting synapses (Gaffield et al., 2006; Kraszewski et al., 1996) . Additionally, phosphorylation and dephosphorylation reactions may control the composition of components of the matrix connecting SVs besides synapsin. For example, it was reported that some endocytotic phosphoproteins are located within vesicle clusters at resting synapses but are relocated to periactive zones to support endocytosis upon stimulation (e.g., amphiphysin, endophilin, intersectin) (Denker et al., 2011; Evergren et al., 2007; Shupliakov, 2009; Winther et al., 2015) . Trapping of these proteins in the SV cluster phase may be a mechanism to ensure their high concentration near the sites of action.
Functional Implications and Relations of SV Clusters to Presynaptic Active Zones
The presence of a large reserve pool of SVs is critical for a reliable neurotransmission. Although the basic operation of synapses can occur even upon dramatic reduction of SV clusters or of perturbation of the clusters, it is not surprising that the fidelity of synaptic transmission over a broad dynamic range requires a large reservoir of SVs (Pieribone et al., 1995; Raimondi et al., 2011) . Having SV organized as a fluid phase rather than a rigid scaffold allows for their piecemeal recruitment at active zones without the need to dissociate them in bulk from the scaffold.
A fluid-like organization of SV clusters is not mutually exclusive with the occurrence of multiple pools of SVs. Vesicles more proximal to plasma membrane ''active zones'' of secretion likely have additional interactions with the macromolecular complexes anchored to this membrane, which structurally define this zone (Ackermann et al., 2015; S€ udhof, 2012) . Several such proteins, for example piccolo and bassoon, have long, unfolded, filament-like domains that can extend for dozens of nanometers away from the plasma membrane (Gundelfinger et al., 2016) . These proteins, which have binding sites for SVs or their associated proteins, may penetrate the SV phase and anchor subset of SVs to active zones. Supporting this scenario, even manipulations that drastically disrupt SV clusters do not completely deplete of SVs the presynaptic active zone, and some vesicles remain anchored to it (Pieribone et al., 1995) . Conversely, clusters of SVs are still present at synapses upon deletion of active zone proteins, although SV docking is strongly reduced (Acuna et al., 2016; Wang et al., 2016) . These observations support the existence of distinct but overlapping pools of SVs that are able to exchange vesicles between them.
The independence of SV clusters from a presynaptic active zone is illustrated by the occurrence of SV clusters in developing axons even before the formation of synapses. Small clusters of SVs, which can be labeled by extracellular tracers, and thus undergo exo-endocytosis, can be observed in distal axonal regions even before contacts with a post-synaptic neuron is established (Kraszewski et al., 1995) . These SV cohorts are highly motile and move in and out of the filopodia that explore the environment to encounter appropriate post-synaptic partners. Upon such encounters, large presynaptic SV clusters may originate from the coalescence of small clusters (Kraszewski et al., 1995) . The occurrence of the early clusters may allow a small group of SVs to act as a functional unit and may facilitate the rapid assembly of synapses.
Finally, the independence of SV cluster formation from a presynaptic site is illustrated by the properties of SVs to organize themselves into clusters in cell bodies when the transport of synaptic vesicle precursors to axon endings is impaired both in C. elegans and in mammalian neurons (Hall and Hedgecock, 1991; Yonekawa et al., 1998) .
Concluding Remarks
We have discussed here how liquid phase separation principles could account for the known properties of SV clusters. As mentioned earlier in this perspective, a recent paper suggested that post-synaptic densities represent an example of phase separation in which a set of components is anchored to the postsynaptic plasma membrane (Zeng et al., 2016) . Liquid phase properties of postsynaptic densities would explain how the stability of these structures is compatible with their dynamics. It would therefore appear that phase separation processes, to generate a signaling matrix postsynaptically and to cluster SVs presynaptically, are at the foundation of synapse formation and function. Even some aspects of presynaptic and postsynaptic plasma membrane protein clustering may be dependent on phase separation, as exemplified by the studies of plasma membrane proteins clustering at the immunological synapse (Su et al., 2016) .
Much remains to be understood about SV clusters. What we discussed here allows formulation of testable hypotheses to further elucidate their structure and dynamics. In vitro reconstitution experiments with purified proteins and either SVs or artificial vesicles will be key to these investigations. For example, different outcomes of these experiments are expected if formation of SV clusters occurs via phase separation rather than by binding to a scaffold. The independence of SV cluster formation from anchorage to a presynaptic site can be further tested in living neurons by manipulations that disrupt active zones and/ or force ectopic accumulation of SVs and their associated proteins. Super-resolution microscopy of developing neurons and of intact or broken synapse preparations in wild-type and genetically modified organisms will help assess the fluidity of vesicle clusters, as expected for a liquid phase.
Beyond SV clusters, assembly into a fluid separated phase may apply to other membrane bound organelles and may underlie structures such as the cloud of Golgi vesicles, clusters of early endosomes, and packages of viral particles, further generalizing the concept that fluid-fluid phase separation represents a major principle of intracellular organization.
